The central projections of the nerve fibers in nervating the middle cerebral and basilar arteries were investigated by transganglionic tracing of wheat germ ag glutinin conjugated with horseradish peroxidase (WGA HRP) in the rat. WGA-HRP was applied to the exposed basilar and/or middle cerebral arteries. Sections of the brain, trigeminal and upper spinal ganglia were reacted with tetramethylbenzidine for detection of the tracer. The results demonstrate that trigeminal neurons that inner vate the middle cerebral artery project to the trigeminal main sensory nucleus, pars oralis, and the dorsocaudal two-fifths of pars interpolaris of the trigeminal brain stem nuclear complex. Te rminals were also visible in the ipsi lateral nucleus motorius dorsalis nervi vagi (dmnX) and in the lateral nucleus tractus solitarius (nTs) bilaterally at the level of the obex. The ventral periaqueductal gray, including the dorsal raphe and C2 dorsal horn, were also innervated by nerve fibers from the middle cerebral ar tery. Ipsilateral trigeminal rhizotomy prior to WGA-HRP application over the middle cerebral artery impeded the The nucleus tractus solitarious (nTs) is involved in the integration of afferent inputs from many pe ripheral organs, as well as from other brain centers.
visualization of nerve terminations throughout the brain stem. Pretreatment with capsaicin reduced the density of labeled neurons and terminals within the trigeminal gan glion and the brain stem, respectively, following WGA HRP application over the middle cerebral artery. Basilar artery fibers terminate in the C2 dorsal horn, the cuneate nuclei, dmnX, and nTs bilaterally. A few projections were also labeled in the ventral periaqueductal gray. Uni lateral upper two spinal dorsal rhizotomy prior to WGA HRP application over the exposed basilar artery resulted in terminal labeling within the C2 dorsal horn, the cuneate nucleus, dmnX, and nTs contralateral to the rhizotomy, whereas the ipsilateral side was devoid of any labeling. Bilateral superior cervical ganglionectomy prior to WGA-HRP administration to the middle cerebral and basilar arteries did not alter the visualization of nerve ter minations throughout the brain stem. Key Words: Rat Cerebrovascular innervation-Brainstem terminals Capsaicin.
quist and Antem, 1965; Ogawa et a!., 1980; White head and Frank, 1983; Hamilton and Norgren, 1984) , and gastrointestinal systems (Gwyn et a!., 1979) . It also receives central inputs from the hypo thalamus (Saper et a!., 1970; Nilaver et a!., 1980) and the medial and lateral frontal cortex (Terberry and Neafsey, 1983; van der Kooy et a!., 1984) .
Studies have shown the complexity of the viscero topic organizations within the nTs and the nucleus motorius dorsalis nervi vagi (dmnX), with separate regions of nTs involved in the regulation of cardio vascular, respiratory, and gastric functions (Higgins and Schwaber, 1981) . Tr igeminal primary afferents that terminate in the nTs have been shown to exist in the rat (Clarke and Bowsher, 1962; Contreras et a!., 1982) , cat (Kerr, 1961; Kawamura, 1971) , and monkey (Beckstead and Norgren, 1979) .
The trigeminal afferent inputs to the brain stem and spinal cervical cord have been described in the cat using transganglionic tracing of horseradish peroxidase (HRP) applied to severed nerve fibers of different branches of the trigeminal ganglion (Mar furt, 1981; Panneton and Burton, 1981) . These ex periments have demonstrated the somatotopic or ganization of trigeminal primary afferents in the ip silateral trigeminal brain stem nuclear complex (TBNC). However, the trigeminal ganglion also projects fibers to the cerebrovascular vessels (Mayberg et ai ., 1981 (Mayberg et ai ., , 1984 Arbab et aI., 1986) .
Using wheat germ agglutinin conjugated with horseradish peroxidase (WGA-HRP) tracing, we reported on fiber projections from the upper two dorsal spinal ganglia to the vertebrobasilar system (Arbab et aI., 1986) . As the central projections of these nerve fibers innervating the major cerebral arteries have not been studied, we report in the present study the brain stem terminations of nerve fibers innervating the middle cerebral (MCA) and basilar arteries, as revealed by transganglionic tracing of WGA-HRP.
MATERIALS AND METHODS
Male Sprague-Dawley rats (200-250 g) were used. An imals operated on for exposure of the MCA were anes thetized with 100 mg/kg ketamin (Ketalar; Parke-Davis) and 5 mg/kg xylazin (Rompun Bayer), i.p. For exposure of the basilar artery, the animals were anesthetized with 4% halothane, intubated endotracheally, and ventilated in a 70% nitrous oxide and 30% oxygen mixture. During surgery, the animals received 0.75% halothane.
Experimental groups
Group 1. For transganglionic tracing of nerve fibers from the middle cerebral artery (15 rats), a lateral tem poral approach was used. A burr hole was made over the temporal bone, and the dura and arachnoid were incised over the proximal part of the artery. A soft polyethylene film was placed between the artery and the underlying cortex, and another polyethylene sheath was used to iso late the exposed arterial segment from the incised me ninges and adjacent tissues. Bone wax was used to seal off the bone edges exposed during drilling. A piece of Spongostan (Ferrosan, Denmark) presoaked in WGA HRP (2.5%) sigma type VI was applied over the exposed arterial segment.
Group 2. For tracing of nerve fibers from the caudal basilar artery (8 rats), a ventral approach was used (Arbab et aI., 1986 ). The exposed dura was slit open, and a small opening was made in the arachnoid over the ar tery. Over the exposed part of the basilar artery, 0.2-0.3 fLl WGA-HRP (2.5%) was applied over 10 min through a glass microcapillary (outer tip diameter 20 fLm) glued to a l-fLl Hamilton syringe. The burr hole made over the skull base was sealed with bone wax at the end of the injection.
Group 3. In four animals, bilateral superior cervical ganglionectomy was performed while the animals were anesthetized with ketamine, 100 mg/kg i.p. Five days after surgery, two animals each were included for the central tracing of nerve fibers innervating the middle ce rebral or basilar arteries, as described above.
Group 4. Four animals were treated with capsaicin (Sigma Chemical Co., St. Louis, MO, U.S.A.) adminis tered subcutaneously in a vehicle of 10% TWEEN 80-10% ethanol:80% saline. The animals received 75 mg/kg, followed 24 h later by a second injection of 25 mg/kg. Five days after the second injection, two animals each were operated for exposure of the middle cerebral or basilar arteries, and WGA-HRP was then applied over the exposed arterial segment as described before.
Group 5. In two intubated animals, a unilateral trigem inal rhizotomy was performed under halothane anes thesia and with the animals mounted ventral side up on the stereotaxic frame. The basiocciput and the bulla tym pani were exposed on one side. The bone was drilled on both sides of the carotid canal to expose the apex of the petrous bone. The trigeminal roots were identified at a level caudolateral to the pituitary gland, and a sharp hook was then used to excise a segment of the trigeminal root. Five days after surgery, the animals were reanesthetized with ketamine plus xylazin, and WGA-HRP was applied over the exosed MCA ipsilateral to the rhizotomy.
Group 6. In another two animals anesthetized with ke tamine plus xylazine, a hemilaminectomy of the first cer vical vertebra was performed while the animals were mounted on the stereotaxic frame. A unilateral dorsal root rhizotomy of the second spinal ganglion, and the first spinal ganglion when present, was conducted. Five days later, the animals were reanesthetized with the halo thane and intubated, and WGA-HRP was then applied over the exposed basilar artery.
Controls
Group I. In three animals, the temporal bone was drilled as for the exposure of the middle cerebral artery, but the dura was left intact, Group II. In another two animals, the dura was slit open along the proximal part of the middle cerebral ar tery, keeping the pia-arachnoid intact. A small piece of Spongostan presoaked in WGA-HRP was placed over the intact and/or incised dura overlying the proximal middle cerebral artery (groups I and lI).
Group Ill . In three animals, the temporal bone was drilled as described above. Over the intact dura, a poly ethylene sheath was placed to protect the dura. A piece of Spongostan presoaked in WGA-HRP (2.5%) was then applied over the polyethylene sheath. A few drops of sa line were allowed to spread liberally in the operation area, simulating cerebrospinal fluid (CSF) leakage.
Group IV. In two animals, the temporal bone was drilled over the proximal part of the middle cerebral ar tery. The dura was left intact and without application of WGA-HRP. These two animals and two normal animals were included in the study for determination of endoge nous peroxidase reactivity.
After 48 h survival, the animals were reanesthetized with chloralhydrate (0.5 g/kg, i.p) and perfused through the ascending aorta while clamping the descending tho racic aorta. An initial rapid flush of 50 ml saline (40-43°C) containing hydrogen peroxide (4 ml 3% solu tion per liter saline) was followed by 500 ml fixative (4°C), consisting of 1.25% glutaraldehyde and 1% paraformal dehyde in 0.1 M phosphate buffer, pH 7.4, over 30 min. Perfusion was ended by a successive series of 10, 20, and 30% sucrose in phosphate buffer (4°C) over 30 min to a total volume of 500 m!. The brain and cervical cord were dissected out immediately. In addition, the trigeminal and the upper two spinal ganglia were dissected. All the spec imens were left overnight in 30% sucrose in the buffer at 4°C.
The brains and cervical spinal cords were sectioned on a freezing microtome at 40 fLm. The ganglia were sec tioned at 15 fLm and directly mounted on gelatinized glass slides. The specimens were reacted according to the tet ramethylbenzidine (TMB) method for demonstration of horseradish peroxidase (Gibson et al. , 1984) . The sec tions were dried after TMB reaction at 40°C overnight, followed by Neutral Red counterstaining and coverslip ping. Tr ansganglionic tracing of horseradish peroxi dase is a potent tool in tracing connections of dif ferent primary sensory neurons (De Groat et aI., Grant et aI., 1979; Mesulam and Brushart, 1979; Brushart and Mesulam, 1980; Arvidsson and Gobel, 1981; Marfurt, 1981) . The wheat germ agglu tinin conjugated to horseradish peroxidase has the property of efficient bidirectional transport, and the lectin moeity wheat germ agglutinin provides lim ited diffusion from the application site (Staines et aI., 1980; Lechan et aI., 1981; Trojanowski, 1983) .
RESULTS
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In one of the control groups (group II) with WGA HRP-soaked Spongostan applied to the incised dura and the underlying arachnoid membrane cov ering the MCA, there was terminal labeling of brain stem centers similar to that seen in the MCA exper imental group. However, no terminal labeling was seen in the brain stem or in the control groups where the WGA-HRP had access to the skin, tem-
FIG. 3. The central projections of the nerve fibers inner
vating the MCA terminate predominantly in the dorsal two fifths of caudal pars interpolaris (see Fig. 1 D) . Arrow points toward the ventral surface of the brain stem. Bar = 150 fLm. The fiber terminations were seen in the ventral periaque ductal gray (PAG). Retrogradely labeled cell body in the dorsal raphe nucleus is indicated by an arrowhead. Section is at the level of the rostral portion of dorsal raphe nucleus (see Fig. 1 B) . Bar = 150 f.Lm. were sensitive to capsaicin treatment, which pre vented the demonstration of labeled neurons and terminals within the upper two spinal ganglia and the brain stem. The susceptibility of substance-P to capsaicin has been related to blockade of retro grade transport of nerve growth factor (Miller et aI., 1980) . It could be speculated that these fibers innervating the caudal basilar artery are in part substance-P fibers, which are embrologically dis tinct from the substance-P fibers arising from the trigeminal ganglion (Lindsay et at., 1985) . How ever, capsaicin treatment has also been shown to deplete immunoreactive somatostatin in sensory nerves and the dorsal spinal cord of rats (Gamse et aI., 1981) as well as immunohistochemically de tected cholecystokinin in sensory nerves (Schultz berg et aI., 1982) . The central projection of nerve fibers innervating the basilar and middle cerebral arteries to the nTs, which is the main relay station for visceral afferent information, may constitute an afferent pathway transmitting sensory impulses generated in the subarachnoid space, including the arteries to the effector sites. Tri geminal projections to the nTs have been demonstrated using different tracing techniques, including autoradiography, de generation, and transganglionic horseradish peroxi dase transport (Torvik, 1956; Kerr, 1961; Beckstead and Norgren, 1979; Higgins and Schwaber, 1981; Jacquin et ai., 1982; Hamilton and Norgren, 1984) .
Autoradiographical study in the monkey showed that the mandibular or ophthalmic division of the trigeminal ganglion terminate in the lateral segment of the rostral solitary nucleus (Beckstead and Nor gren, 1979). Marfurt (1981) , however, reported no primary trigeminosolitary fibers after HRP applica tion to the corneal, supraorbital, infraorbital, infe rior alveolar, or mental nerve in the cat. The notion that an imbalance involving parasympathetic hy peractivity and sympathetic hypoactivity has been reported as a possible factor behind the symptomol ogy in an attack of cluster headache (Sjaastad, 1978; Spierings, 1980) . In this study, bilateral supe rior cervical ganglionectomy did not prevent dem onstration of labeled nerve terminals in the brain stem. An alternative neural pathway involving tri geminal substance-P neurons in the pathogenesis of cluster headache has also been suggested (Har debo, 1984; Moskowitz, 1984) . gested that this innervation could be substance-P or in part substance-P containing fibers. Substance-P is a transmitter that has been proposed to subserve nociceptive as well as vasomotor functions (Duner and Pernow, 1960; Edvinsson et ai., 1981; Ed vinsson and Uddman, 1982; Moskowitz et ai., 1983a; Kapoor and Janetta, 1984; Moskovitz, 1984) .
In previous communications (Svendgaard et aI., 1985 (Svendgaard et aI., , 1987 , we reported that lesioning of the as cending catecholamine pathways in the medulla ob longata or separate lesioning of the A2 nucleus [no menclature according to Dahlstrom and Fuxe (1964) ] prior to experimental subarachnoid hemor rhage (SAH) prevented the development of both acute and late spasm after an experimental SAH.
The Az consists of differently sized subgroups of catecholaminergic neurons intermingled with the cells of the dmnX and the nTs (Kalia et aI., 1985) .
The nTs is interpreted as a relay station for intero ceptive sensory signals transmitted to the hypothal amus for the coordination of autonomic and endo crine responses (Hansen et aI., 1981; Sawchenko and Swanson, 1981; Iversen et aI., 1984; Kalia et aI., 1985) . It could be speculated that the primary afferents from the major cerebral arteries relay im pulses to the solitary nucleus-Az complex, where the information may be further transmitted to ef fector sites such as the parabrachial complex, dorsal raphe nucleus, or the hypothalamus for the regulation of the cerebral blood flow and metabo lism in coordination with the control of the periph eral circulation.
